The objective of this work is to utilize a low-grade synthetic rutile to produce high-grade titania nanoparticles. Due to the nature of the precursor, the hydrothermal method needs modification in order to accommodate the precursors and chemical reagents. The product will be characterized with the XRD (crystallite size and crystallinity), EDXRF (chemical composition), SEM (Morphology), N 2 adsorption-desorption (Surface Area) and UV-Vis-NIR. Results revealed a crystallite size of less than 20 nm, a surface area of 186.8 m 2 /g, a morphology that is a combination of agglomeration and particles, and an optical band gap of 3.23 eV. It is concluded that synthetic rutile is a viable precursor to produce high quality titania nanoparticles.
Introduction
Ilmenite is a low-grade mineral; its content being location dependant [1] [2] [3] . Its abundance in certain locations, coupled with its relatively low-grade and cost, makes it a viable source for high-grade metals and oxides. However, its extraction and purification processes are numerous and complex [2] [3] [4] [5] , such as acid leaching, carbothermic reduction, pyrometallurgy and hydrometallurgy [6] [7] [8] . This study aims to use synthetic rutile, derived from ilmenite, to produce nano-TiO 2 . TiO 2 has many applications such as white pigmentation in paints, electrodes in photovoltaic cells and self-cleaning coatings [9] .
The hydrothermal method of processing TiO 2 , in particular, is favored due to its simplicity and the superior properties of its product [10] [11] . It involves the fusing of several precursor chemicals and solvents in an autoclave for a set amount of time, pressure and temperature [12] [13] .
Factors that are important in the hydrothermal method of processing TiO 2 include the concentration and ratio of precursors and reagents, the time, pressure and temperature setting of the autoclave, and the method of precipitate collection. Each of these factors is crucial to the properties of the resulting TiO 2 .
This study aims to modify the current hydrothermal method to produce nano-TiO 2 , and gauge the effectiveness of this new method by comparing the resulting product with commercially available nano-TiO 2 .
Experimental methods

Fabrication of nano-TiO 2
Nano-TiO 2 was prepared using a modified hydrothermal method. Commercially available synthetic rutile, derived from Malaysian ilmenite was used as a precursor in this process. Figure 1 demonstrates the relationship between the ilmenite and nano-TiO 2 .
Fig. 1. Relationship between the ilmenite and nano-TiO 2
A 100 g of synthetic rutile and 200 g of sodium hydroxide were thoroughly mixed and heated in a furnace at 550 o C for 3 hours. The product was then washed with deionized water and its precipitate collected. The cleaned precipitate was leached with sulfuric acid (3 M) at 80 o C for 4 hours. After leaching, the precipitate was dried in a furnace at 200 o C for 1.5 hours. It is then grinded with mortar and pestle.
Characterization
The X-Ray Diffraction (XRD) analysis was performed using a PANalytical PW3040/60 X'Pert PRO apparatus. The voltage and anode current used were 40 kV and 30 mA, respectively. The CuK α = 0.15406 nm and the scanning range was from 20 o to 80 o .
The XRD analysis is conducted in conjunction with the Electron Dispersive X-Ray Fluoroscence (EDXRF) analysis. All measurements were carried out under vacuum condition, and the distance between the sample (exposed diameter of 22 mm) and the detector was 4.5 cm. The energy resolution was 0.16 keV.
The product and commercial nano-TiO 2 were analyzed using the nitrogen adsorption-desorption isotherms at 77 K generated by a Quantachrome 1.2 apparatus. Prior to each absorption-desorption measurements the samples were degassed at 373 K under P = 0.35509 mm Hg for 24 hours. The specific surface areas were determined using the linearized BET equation at 0 < P/P o < 0.30.
The morphology and particle's profile were obtained using a FEI Quanta Scanning Electron Microscope (SEM). The power and working distance was set at 30 kV and 8.0 mm, respectively. The UV-Vis-NIR analysis is carried out using Shimadzu UV3600 UV-Vis-NIR Spectrophotometer. The light source used in the scan has a scanning wavelength of 340 nm, and the scan range was from 200-800 nm, in 0.5 nm intervals The hydrometallurgy process extracts TiO 2 from ilmenite in the form of synthetic rutile [7] . Two amendments were made to the conventional hydrothermal method; first, the utilization of natural precursors, and second, the elimination and simulation of the autoclave from the process. Table 1 indicates that Ti/TiO 2 still forms the majority in synthetic rutile (93.796%), which is confirmed via XRD analysis. It is surmised that the rutile phase in synthetic rutile is highly crystalline, due to the sharpness and narrowness of the rutile peak. This is also indicative of a large crystallite size (41.6 nm); calculated by applying FWHM values of the dominant peaks in Fig. 2 to the Scherrer Equation (Eq. 1).
Results and Discussion
where K* is a constant (ca. 0.9), λ the X-ray wavelength (1.5418 Å), θ B the Bragg angle and θ 0.5 the pure diffraction broadening of a peak at half height, due to crystallite dimensions.
The amount of TiO 2 increased by 25.9% from ilmenite to synthetic rutile, and increased again by 1.27% from synthetic rutile to nano-TiO 2 . XRD and EDXRF analysis also shows the reduction, and finally the elimination, of Fe (Fe 2 O 3 ) and Si (SiO 2 ) during the processes, and the incorporation of Zr and Nb throughout the modified hydrothermal process. The first step in the process involves fusing synthetic rutile with NaOH. This process breaks Ti-O-Ti bonds, and fuses these broken bonds with Na and OH, forming Ti-O-Na and Ti-OH. The recreation of new bonds will release impurities that have embedded themselves in the Ti-O matrix, and will also simultaneously decrease the crystallite size of the product by recreating smaller matrices of Ti-O. Generally, the leaching process is dependent on molarity and temperature [13] [14] [15] . Acid molarity provides the protons and SO 4 2to the reaction; higher acidity increases the reaction rate in the system, and vice versa. Also, a constant temperature (80 o C) is vital to ensure the reaction is not heat dominated, where the heat merely complements and enhance the reaction between the TiO 2 and H 2 SO 4 . Heat dominated reaction will cause crystallization to proceed rapidly, and the precipitate will remain in the rutile phase. The leaching process induces three events; recrystallization, removal of impurities, and crystallite size reduction. The H 2 SO 4 reacts with the TiO 2 crystallites in the fusion product and with inducement in the form of heat, kinetics and pressure to encourage interaction, initiates crystallization. During crystallization, the minute amount of impurities present in the fusion product is dispersed into the acid, making it susceptible to removal via repeated washing. However, impurities such as Zr, Nb and Fe remain in the product (Table 1) . These impurities will usually embed themselves in the Ti-O matrix in the form of subsitutional impurities, altering properties such as mechanical strength, band gaps and reactivity [16] [17] [18] . Figure 2 details the XRD of all three compounds. The crystallization process initiated during leaching will involve breaking and reforming the particles, and subsequently crystallites. The overall crystallite size of the product will be greatly reduced; in this case, by 62.5% from synthetic rutile to nano-TiO 2 , while its particle size was reduced by 98.62% ( Table 2 ).
The result of the modified hydrothermal process is nano-TiO 2 particles. There are two immediate benefits from the modified hydrothermal process; reduced processing costs and an environmentally friendly process. The process itself is considered a green process, as it uses synthetic rutile, a stable and inert compound processed from a non-toxic mineral, and also sulfuric acid, which requires minimal caution during handling. Figure 3 shows the XRD results that compare the commercial product with the nano-TiO 2 . Fig. 3 . XRD diffractogram that compares both the commercial product and the titania nanoparticles produced from low-grade minerals
The FWHM of the nano-TiO 2 is larger, indicating a smaller crystallite size, with lower overall crystallinity, while the FWHM of the commercial nano-TiO 2 is smaller, sharper and more defined, representing larger, more uniform crystallite in terms of size and distribution, with the values detailed in Table 2 . The crystallite size of the commercial nano-TiO 2 , however, is smaller by 61%. Table 2 confirms that the crystallite size of the fabricated nano-TiO 2 is smaller, and its surface area larger than its commercial counterpart. The commercial nano-TiO 2 's size distribution is uniform, and the particles and crystallites well segregated, while the nano-TiO 2 has smaller crystallites and a small amount of agglomeration, as shown in Fig. 4 . It is well established in [19] that the structural properties influence the optical properties of nanoparticles. It is expected that the absorbance and optical transmission of nano-TiO 2 particles would be higher and lower than its commercial counterpart, respectively, which is proven in Fig. 5 (a) and (b). The most prominent absorption edge in the nano-TiO 2 absorption spectrum is shifting closer to the visible spectrum, nearing 400 nm, whereas the commercial sample's absorption edge is closer to 350 nm; in the UV region. Table 3 summarizes the optical band gap of both samples, calculated by extrapolating the absorption edges, and plugging the intercept into equation 4.2.
E =
where E g is the optical band gap, and λ is the wavelength corresponding to the relevant absorbance/transmission. The optical band gap of the nano-TiO 2 particles is smaller than the commercial sample. The smaller nanoparticles, with its higher packing density and high specific surface area, absorbs the passing UV radiation, and continues absorbing visible radiation close to the 400 nm region. In contrast, the absorbance displayed by the commercial sample is low due to its generally lower packing density, dispersed and larger nanoparticles.
The transmission of commercial sample is on average 78% between 400-600 nm, and the transmission of nano-TiO 2 particles is 68% in the same range. Due to its inverse relationship with absorbance, transmission is also affected by the same structural factors as absorbance, only differently. The transmission of the commercial sample is almost 10% higher, and this is accounted for mostly by the less dense packing factor, the more homogenous and separated particles, and the absence of impurities. However, the disadvantage of large particles is offset by its purity, which our sample clearly lacks.
Conclusions
The hydrothermal method was modified to incorporate synthetic rutile, derived from ilmenite via hydrometallurgy, in order to fabricate nano-TiO 2 in the anatase phase. This process involves the utilization of inexpensive precursors, and reagants, processed in a minimally controlled environment, and produce a product that is 95.07% pure, with minute amount of impurities. When compared to commercial nano-TiO 2 , it is discovered that the physical and optical properties are superior.
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